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BACKGROUND: 
Materials performance and reliability are key issues for the safety and competitiveness of 
future nuclear installations: Generation IV nuclear systems for increased sustainability, 
advanced systems for non-electrical uses of nuclear energy, partitioning and 
transmutation systems, as well as thermo-nuclear fusion systems. These systems will 
have to feature high thermal efficiency and optimized utilization of fuel combined with 
minimized nuclear waste. For the sustainability of the nuclear option, there is a renewed 
interest worldwide in new reactor systems, closed fuel cycle research and technology 
development, and nuclear process heat applications. This requires the development and 
qualification of new high temperature structural materials with improved radiation and 
corrosion resistance. To achieve the challenging materials performance parameters, 
focused research and targeted testing of new candidate materials are necessary.  
Recent developments regarding new classes of materials with improved microstructural 
features, such as fibre-reinforced ceramic composite materials, oxide dispersion 
strengthened steels or advanced ferritic-martensitic steels are  promising since they 
combine good radiation resistance and corrosion properties with high-temperature 
strength and toughness. In view of a successful and timely implementation of design 
parameters, in particular for primary circuits, new structural materials have to be 
qualified during the next decade. To this end an international R&D effort is being 
undertaken. Recent progress in materials science, supported by computer modelling and 
advanced materials characterisation techniques, has the potential to accelerate the process 
of new structural materials development.  
The scope of the meeting is information exchange and cross-fertilisation of various 
disciplines, including an overview of recent status of world-wide R&D activities. A 
comprehensive review of the designs of fission as well as fusion reactor systems, of the 
innovative materials concepts presently under consideration, and of system specific 
structural materials aspects will be given. 
  
The key topics of the meeting are the following: 
� Radiation damage phenomena and modelling of material properties under 

irradiation  
� On-going challenges in radiation materials science  
� Key material parameters and operational conditions of selected reactor designs 
� Microstructures and mechanical properties of nuclear structural materials 
� Pathways to development of new structural materials 
� Qualification of new structural materials 
� Advanced microstructural probing methods 

 
Special emphasis is given to the application of nuclear techniques in the development and 
qualification of new structural materials. 
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Protective and structural materials for fusion reactors: Main challenges, 
long-term materials development needs, differences and commonalities 

with fission 
 

Jean-Louis Boutard1, Sergei Dudarev2, Michael Rieth3 
 

1 EFDA-CSU Garching (Germany) 
2 UKAEA-Culham (United Kingdom) 

3 FZK (Germany) 
 

Developing plasma-facing and structural materials with Low nuclear Activation (LA), 
high heat and radiation resistance, is a challenge that the materials community has to 
address to enable reliable development and safe operation of fusion reactors in the future. 
This requires scientific innovation, new knowledge, and the exploration of a range of new 
materials. To address this challenge, the EU fusion programme has set up a Fusion 
Materials Topical Group to strengthen coordination of long-term fusion materials 
development for DEMO, and to undertake physically based modelling of radiation 
induced microstructure and degradation of mechanical properties required to guide the 
experimental developments. In this paper we describe main radiation effects induced by 
the intense flux of 14 MeV neutrons in the reference structural materials (i) for Tritium-
Breeding Blanket (TBB) modules, LA Ferritic/Martensitic Steel EUROFER, Oxide 
Dispersion (ODS) EUROFER & ODS ferritic steels, and, (ii) for the divertor, W and W-
alloys. Specific issues concerning the peculiar microstructure induced by the impact of α 
particles on the surface of tungsten, foreseen as a reference protection material, will also 
be discussed. Modelling radiation effects in EUROFER under fusion reactor relevant 
conditions is the first priority for the programme, in order to inter-correlate the data 
obtained with various neutron spectra, contribute to the definition of the irradiation 
matrix in the future intense source of 14 MeV neutrons, IFMIF, and bring comprehensive 
understanding & extrapolation capabilities towards the very large range of DEMO 
operating conditions. Formulating and developing predictive modelling tools is therefore 
a task of prime significance. Particular care has been taken (i) to focus the modelling 
effort on the scale where physics can be mastered, i.e. on the scale of the chemical bond, 
which is triggered by electronic correlation in the case of Fe-Cr system and body cubic 
centred steels, and, (ii) to validate model prediction at the relevant scale and on the 
adequate system. The paper will present modelling results based on ab-initio calculation 
and the development of kinetic tools describing (i)  phase stability of Fe-Cr alloy system 
taking magnetic effects explicitly into account, (ii) point defects energetics in transition 
metals and their recovery in α-Fe (iii) He and dpa accumulation, and (iv) dynamical 
properties of dislocations in α-Fe at low and high temperatures. Based on the successful 
progress of the currently on-going research programme, the Strategic Objectives defined 
for the next period 2010-2015 [1] will be presented and briefly discussed.  
 
[1] http://www.efda.org/eu_fusion_programme/scientific_and_technical_publications.htm  
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Ferritic steels for the first generation of breeder blankets – The EU 
roadmap and development plan 

 
 E. Diegele  

 
Fusion for Energy (F4E), 08019 Barcelona, Spain 

  
Materials development in nuclear fusion for in-vessel components, i.e. for breeder 
blankets and divertors, has a history of more than two decades. It is the specific in-service 
and loading conditions and the consequentially required properties in combination with 
safety standards and social-economic demands that create a unique set of specifications. 
Objectives of Fusion for Energy (F4E) include: 
 
� To provide Europe’s contribution to the ITER international fusion energy project;   
� To implement the Broader Approach agreement between Euratom and Japan;  
� To prepare for the construction and demonstration of fusion reactors (DEMO).  

 
Consequently, activities in F4E focus on structural materials for the first generations of 
breeder blankets, i.e. ITER Test Blanket Modules (TBM) and DEMO, whereas a Fusion 
Materials Topical Group implemented under EFDA coordinates R&D on physically 
based modelling of  irradiation effects and R&D in the longer term (new and /or higher 
risk materials). The paper focuses on martensitic-ferritic steels and (i) reviews briefly the 
challenges and the rationales for the decisions taken in the past, (ii) analyses the status of 
the main activities of development and qualification, (iii) indicates unresolved issues, and 
(iv) outlines future strategies and needs and their implications. 
 
Due to the exposure to intense high energy neutron flux, the main issue for breeder 
materials is high radiation resistance. The First Wall of a breeder blanket should survive 
3-5 full power years or, respectively in terms of irradiation damage, typically 50-70 dpa 
for DEMO and double figures for a power plant. Even though the objective is to have the 
materials and key fabrication technologies needed for DEMO fully developed and 
qualified within the next two decades, a major part of the task has to be completed much 
earlier. Tritium breeding test blanket modules will be installed in ITER with the objective 
to test DEMO relevant technologies in fusion environment and conditions. Materials and 
materials technologies (fabrication, welding, joining) have to be fully qualified in front of 
a rigorous licensing process within the next decade. Therefore, materials development for 
DEMO is based on present technologies and knowledge with some reasonable 
extrapolation. The 9% Cr steel EUROFER steel is the primary EU candidate structural 
material. For increased thermal efficiency the temperature window of the structural 
materials needs to be enlarged. Various ODS (Oxide Dispersion Strengthened) Fe-Cr-
steels are candidates for higher temperature application. 
 
The large fraction of high energy neutrons in the fusion neutron spectrum results in 
gaseous transmutations (He and H) that are more than one order of magnitude higher than 
in fission. Even though fission based material test reactors are the essential and 
indispensable pillar of the current and future irradiation qualification programme, they 
can not provide sufficient data for a successful licensing process towards DEMO. For this 
reason, the construction and use of a facility called IFMIF, designed for simulating as 
closely a possible the fusion neutron spectrum, is mandatory. 
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Meantime, and complimentary, an enhanced material science programme should increase 
knowledge and understanding of radiation effects. The focus of this progamme for the 
next decade should be on the development and validation of predictive capabilities for 
modelling micro-structural evolution and mechanical properties of EUROFER-type steels 
under fusion reactor relevant conditions, addressing in particular the Helium issue. In a 
longer term perspective, this should result in the implementation of an integrated 
approach involving modelling and model-oriented experimental validation into a strategy 
of accelerated development and testing of candidate fusion materials, material systems 
and material technologies. 
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Interaction between mobile radiation defects in bcc Fe: Comparison 
between simulations and in-situ electron microscope observations 

 
M.R. Gilbert1, K. Arakawa2, Z. Yao3, H. Mori2, M.L. Jenkins3, S.L. Dudarev1 

 
1 EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, 

Oxfordshire OX14 3DB, UK 
2 Research Center for Ultra-High Voltage Electron Microscopy, Osaka University, 

7-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan 
3 Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, UK 

 
Microstructural evolution of materials under neutron irradiation is driven by the 
generation of defects in collision cascades and by their subsequent interaction, resulting 
in the agglomeration of defects and formation of mesoscopic defect structures, for 
example large dislocation loops and voids. The notion of dislocation bias, a concept 
central to the Rate Theory model, is a relatively simple means for including the effect of 
long-range elastic interactions between defects and dislocations in the treatment of 
microstructural evolution. The recently developed kinetic Monte-Carlo models, including 
the synchronous parallel implementations of the kinetic Monte-Carlo method, focus on 
the investigation of diffusive migration of defects, and treat interactions as short-range 
events occurring only if two defects get within a certain “interaction radius” derived from 
either semi-phenomenological arguments or experimental observations. Observing 
interaction between single self-interstitial atom defects is still beyond the capability of 
modern electron microscopes. However, recent in-situ work showed that it is possible to 
observe, in real time, the effects of thermally activated, as well as electron beam 
stimulated, migration of small dislocation loops formed by the agglomeration of several 
self-interstitial defects. Furthermore, in-situ observations demonstrate that migrating 
dislocation loops interact. Depending on the orientation of their Burgers vectors the loops 
either repel or attract, in the latter case forming complexes where loops with the same 
Burgers vector line-up along a particular direction and then move coherently along their 
glide cylinders, held together over long period of time by the elastic forces. Observations 
show that this bound group-motion of loops generally occurs as a pre-cursor to the 
eventual coalescence of the loops resulting in the formation of extended dislocation lines. 
We investigate the formation of groups of ½<111> interstitial dislocation loops due to 
their elastic interactions, and their subsequent coherent motion, using finite-temperature 
molecular dynamics simulations, and in-situ electron microscope observations. We study 
the variation of diffusion coefficient of a group of dislocation loops as a function of the 
size of the loops, and also effects of trapping and thermally activated de-trapping of 
loops. Simulations show that the strength of the ‘trapping force’ between two loops is 
depends on both the loop separation perpendicular to the Burgers vector and also the size 
of the migrating loops. The scale of this force determines the timescale of trapping of 
loops into complexes, which controls whether they remain in close proximity for 
sufficient time for coalescence to take place. 
 
Work partly funded by UK EPSRC and EURATOM 
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Activities performed within the program of Nuclear Safety Research on 
structural and cladding materials for innovative reactor systems able to 

transmute nuclear waste 
 
C. Fazio1, M. Rieth2, R. Lindau2, J. Aktaa3, H-C. Schneider3, J. Konys4, M. Yurechko4,  

G. Müller5, A. Weisenburger5 
 

Forschungszentrum Karlsruhe GmbH, P.O. Box 3640, 76021 Karlsruhe, Germany 
1 Program Nuclear Safety Research,  

2 Institute for Materials Research I: Applied Materials Physics, 
 3 Institute for Materials Research II: Materials and Biomechanics, 

 4 Institute for Materials Research III: Materials Processing Technology,  
5 Institute for Pulsed Power and Microwave Technology 

 
The transmutation of nuclear waste to reduce the burden on a geological repository is a 
relevant topic within the Program of Nuclear Safety Research of the Research Centre 
Karlsruhe. Several studies have confirmed that a high efficiency of transmutation of 
actinides is reached in fast neutron spectrum reactor system. Therefore, an important 
effort is dedicated to the study of transmutation strategies with different fast reactors and 
their associated technologies. Moreover, in international contexts as Generation IV 
International Forum (GIF) and Sustainable Nuclear Energy Technology Platform 
(SNETP), fast reactors are considered in the frame of sustainable development of nuclear 
energy and reduction of waste. The systems that are currently under investigation, in the 
frame of the different fuel cycle scenarios, are liquid metal cooled and gas cooled fast 
reactors as well as Accelerator Driven Sub-critical Transmutation devices (ADS). These 
innovative reactor systems, call for structural and clad materials, which are able to 
perform in a safe manner under the envisaged operational and postulated transient 
conditions.  In this context the European Commission supports the FP7 project 
GETMAT, with the objective to contribute to the development and selection of reference 
structure materials for core components and primary systems of fast neutron reactors. 
Several institutes of the Research Centre Karlsruhe are involved in this project with 
activities in the area of 9Cr ODS steel development and mechanical characterisation; 
optimisation and ranking of weld and joining techniques as Electron Beam, TIG and 
Diffusion Bonding; assessment of materials behaviour in corrosive environment and in 
neutron and neutron/proton irradiation field; and development of corrosion protection 
barriers for cladding and primary system components and their characterisation. The 
objective of this contribution is to describe the context in which the GETMAT activities 
are embedded in the Program Nuclear Safety Research of the Research Centre Karlsruhe 
and first experimental results produced by the involved Institutes of FZK. 
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Utilization of multiscale experimental and computational techniques for 
the design of radiation-resistant steels 

 
Nasr M. Ghoniem1, Steve Zinkle2 

 
1 University of California at Los Angeles, Los Angeles, CA 90095, USA 

2 Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA 
 

Significant progress has been achieved in the operational performance and radiation 
resistance of ferritic-martensitic steels during the past few decades.  Conventional high 
temperature steels, such as HT-9 and 2 ¼ Cr-1Mo have evolved into super Oxide 
Dispersion Strengthened (ODS) steels through successive optimization to meet strict 
performance and radiation-resistance constraints. Such evolution was possible through a 
combination of experimentation, modeling and empirical information. Further 
development and optimization of structural steels in nuclear applications will require full 
utilization of the available array of sophisticated experimental techniques and multiscale 
computational modeling, in addition to empirical data.  We present here a systematic 
approach to the process of optimum steel development, by linking material fabrication to 
thermo-mechanical properties through a physical understanding of microstructure 
evolution.  The optimization process is based on the application of design constraints 
(e.g. low activation, low DBTT, low swelling, creep resistance, and weldability) to 
describe the required microstructures, which in turn, can be controlled through material 
processing techniques.  Prospects for future design of optimum structural steels in nuclear 
applications by utilization of the hierarchy of multiscale experimental and computational 
strategies will be described. 
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Design aspects of advanced nuclear power plants 
 

Wolfgang Hoffelner 
 

Laboratory for Nuclear Materials, Nuclear Energy and safety Research Dept., 
 Paul Scherrer Institute, 5232 Villigen PSI, Switzerland 

 and 
Swiss Federal Institute of Technology Zürich (ETHZ) 

 
The construction of nuclear power plants needs design codes (e.g. ASME or RCC-MR) to 
allow save and reliable design and operation. To meet the requirements of advanced 
future plants either existing codes have to be amended or new codes have to be 
developed. Future Generation IV plants like the very high temperature reactor (VHTR) or 
the sodium fast reactor (SFR) are currently in this stage of code development.  Some 
important issues to be considered in this context are: design curves (lower bound scatter 
bands), creep-fatigue, negligible creep, crack growth (fatigue, creep, fast fracture), 
damage monitoring. The paper will provide some insight into the materials problems 
behind design rules.  Examples will be taken from a martensitic steel (mod 9% Cr), oxide 
dispersion strengthened (ODS) steels and nickel-base superalloys. Possibilities for the 
replacement of the linear life fraction rule with advanced creep-fatigue damage 
assessments will be discussed. Specific emphasize will be put on the role of cyclic 
softening. Damage assessment and propagation of cracks from flaws under creep and 
fatigue will be touched upon. Some results from creep at low temperatures (irradiation 
creep, negligible creep) will be presented. 
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Dynamic observations of irradiation damage in iron and FeCr alloys 
 

M. L. Jenkins1, Z.Yao1, M. Hernandez-Mayoral2 and M. A. Kirk3 
 

1 Department of Materials, University of Oxford, Parks Rd., OX1 3PH 
 2 Division of Materials. Avenida Complutense, CIEMAT, 22, 28040-Madrid Spain 
 3 Material Science Division, Argonne National Laboratory, Argonne, IL60439 

 
The mechanisms by which radiation damage develops in ferritic materials are still not 
well understood. In this work we have followed the development of heavy-ion irradiation 
damage in Fe and FeCr alloys by in-situ electron microscopy, and this has revealed some 
unexpected dynamic processes. Thin foils of pure Fe and FeCr alloys (with 5-11%Cr) 
were irradiated with 150 keV Fe+ ions at temperatures 30-500oC in the Argonne IVEM-
Tandem Facility, which comprises an electron microscope linked to a heavy-ion 
accelerator. Dynamic observations under weak-beam diffraction conditions followed the 
evolution of damage over doses 0-13 dpa. At low doses, ≤ 1 dpa, damage in pure Fe took 
the form of small, isolated dislocation loops with Burgers vectors b = <100> and 
½<111>.  Loops with b = ½<111> were highly mobile, moving by discrete hops from 
one position to another, both during and after ion irradiation. Similar loops formed in 
FeCr alloys, but were less mobile than in pure Fe. At temperatures ≤300oC and doses ≥1 
dpa, complex microstructures developed in thicker regions of the foils both in pure Fe 
and FeCr alloys. First strings of several loops formed, all with the same ½<111> Burgers 
vector, involving cooperative movement of individual loops. Then larger loops were 
produced by the coalescence of loops in a string. In high-purity Fe irradiated at 300oC, 
further coalescence and complex glide and climb processes led to the formation of large 
(several µm) finger-shaped loops with b = ½<111> and large shear components. By this 
stage the loop nature could be shown to be interstitial. The damage structures in the FeCr 
alloys were similar but on a finer scale. In pure Fe at temperatures higher than 300oC, 
square-shaped sessile edge interstitial loops with b = <100> nucleated and grew to large 
sizes. At temperatures ≤ 450oC, these <100> loops co-existed with ½<111> loops, but at 
500oC only <100> loops formed. Mobile ½<111> loops formed at temperatures just 
below 500oC were seen to move to, and be subsumed by, large <100> loops. Mostly 
<100> loops were also found in Fe-8%Cr irradiated at 500°C. This change in the 
predominant Burgers vector type with temperature is consistent with recent theoretical 
work by Dudarev et al (PRL 100 (2008) 135503). In this contribution the dynamical 
processes described above will be shown in the form of videos.  
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Qualification of SiC composite materials for advanced fission and fusion 
reactors 

 
Alexander Ryazanov 

 
Russian Research Centre "Kurchatov Institute", 123182, Moscow, Russia 

 
Ceramic materials such as silicon carbide (SiC) and SiC/SiC composites are both 
considered, due to their high-temperature strength, pseudo-ductile fracture behavior and 
low-induced radioactivity, as candidate materials for fusion reactor (test blanket module 
for ITER) and high temperature gas-cooled reactors (HTGR). The radiation swelling 
and creep of SiC are very important physical phenomena that determine the radiation 
resistance of them in these reactors. Other important problem which exists especially in 
fusion reactor is an effect of accumulation of high concentrations of helium atoms in 
SiC (up to 15000-20000 at.ppm) due to (n,α) nuclear reaction on physical mechanical 
properties. An understanding of the physical mechanism of this phenomenon is very 
important for the investigations of helium atom effect on radiation swelling in SiC.       
In this report a compilation of non-irradiated and irradiated properties of SiC are 
provided and analyzed in terms of their application to fusion and high temperature gas 
cooled reactors. Special topic of this report is oriented on the micro structural changes in 
chemically vapor-deposited (CVD) high-purity beta-SiC during neutron and ion 
irradiations at elevated temperatures. The evolutions of various radiation induced 
defects including dislocation loops, network dislocations and cavities are presented here 
as a function of irradiation temperature and fluencies. These observations are discussed 
in relation with such irradiation phenomena in SiC as low temperature swelling and 
cavity swelling. One of the main difficulties in the radiation damage studies of SiC 
materials lies in the absence of theoretical models and interpretation of many physical 
mechanisms of radiation phenomena including the radiation swelling and creep. The 
point defects in ceramic materials are characterized by the charge states and they can 
have an effective charge. The internal effective electrical field is formed due to the 
accumulation of charged point defects in matrix which affects on the diffusion process 
of charged point defects under irradiation. In the present report new theoretical models 
of radiation swelling in irradiated SiC materials are discussed here including the 
explanation of helium effect on this phenomenon. These theoretical models are based on 
kinetic consideration of charged point defect accumulation and kinetic growth of point 
defect clusters (dislocation loops and voids) in the matrix taking into account the charge 
state of point defects and the effect of internal electric field formed under irradiation 
near dislocation loops on diffusion processes of point defects in the matrix. The recent 
experimental results concerning the helium effect on radiation swelling of SiC under 
neutron, single-ion and dual-beam irradiation are presented too. The obtained theoretical 
results for radiation swelling are compared with the existed experimental data for 
irradiated ceramic materials under neutron and ion irradiations.  
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Development of heavy-radiation-resistant structural materials in Japan 
utilizing fission research reactors 

 
Tatsuo Shikama 

 
Institute for Materials Research, Tohoku University 
2-1-1 Katahira, Aobaku, Sendai, 980-8577 Japan 

 
Structural materials for next-generation nuclear power systems should have a good 
radiation resistance, where the expected accumulation dose will largely exceed 10 dpa. 
Among several candidate materials, materials of five categories, 
 
1. Austenitic steels, including high nickel alloys, 
2. Low activation ferritic martensitic steels, 
3. ODS steels (austenitic and ferritic), 
4. Vanadium based alloys, 
5. Silicon carbide composites (SiC/SiCf). 
 
All have been most extensively studied in Japan, in collaboration among industries, 
national institutes such as Japan Atomic Energy Agency (JAEA), National Institute for 
Fusion Science (NIFS) and National Institute for Materials Science (NIMS), and 
universities. The high nickel base alloys were studied for their low swelling behaviors 
mainly by the NIMS and the austenitic steels are studied for their reliable engineering 
data base and their reliable performance in irradiation environments mainly by the JAEA, 
mainly for their application in the near-term projects such as the ITER and the Sodium 
Cooled Fast Reactors. The most extensive studies are now concentrated on the Low 
Activation Ferritic Marsensitic steels and ODS steels, for their application in a 
demonstration fusion reactor and prototype sodium cooled fast reactors. Fundamental 
studies on radiation effects are carried out, mainly utilizing Japan Materials Testing 
Rector (JMTR) with its flexible irradiation ability, up to a few dpa. For higher dpa 
irradiation, a fast test reactor, JOYO is utilized up to several 10s dpa. Some international 
collaborations such as Japan/USA and Japan/France are effective to utilize reactors 
abroad, such as High Flux Isotope Reactor (HFIR) of Oak Ridge National Laboratory, 
and sodium cooled high flux fast reactors in France. Silicon carbide based composites are 
extensively studied by university groups led by Kyoto University and the JAEA. For their 
performance in heavy irradiation environments, the Japan/USA collaboration plays an 
important role there. Recently, a new irradiation rig is under development for the high 
temperature and high fluence irradiation in JOYO. Vanadium based alloys are studied by 
university groups led by the NIFS, for their unique and excellent nuclear and radiation 
resistant properties. The paper will review the present activity for developing radiation 
resistant structural materials in Japan, in conjunction with effective utilization of test 
reactors in Japan as well as abroad. 
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Fe-Cr alloys behaviour after Helium implantation 
 

Vladimir Slugen1, Vladimir Krsjak1, Werner Egger2, Martin Petriska1, Stanislav Sojak1 
 

1 Department of Nuclear Physics and Technology, Faculty of Electrical Engineering and 
Information Technology, Slovak University of Technology, Ilkovicova 3,  

812 19 Bratislava, Slovakia 
2Institut für Angewandte Physik und Messtechnik, Universität der Bundeswehr München, 

Werner-Heisenberg-Weg 39, 855 77 Neubiberg, Germany 
 

This paper discusses our recent experiments focused on the chromium influence on the 
microstructural changes of iron based alloys under radiation treatment. Our experimental 
method – the positron annihilation lifetime spectroscopy (PALS) enables an observation 
of size and density changes of the vacancy type defects in the material microstructure. 
We have created these defects by implantation of charged particles (He2+). The cascade 
collisions in the crystal lattice and following Frenkel pair creation have been in our work 
considered as possible approximation of the neutron flux damage. Our study of the 
chromium influence on the radiation treated of iron based alloys has been performed on 
the Fe-Cr binary alloys with four different Cr content (2.36; 4.62; 8.39 and 11.62 wt%). 
Thermal treatment of the materials fabrication process has been selected to ensure 
required martensitisation. To obtain cascade collisions in the microstructure of studied 
materials without neutron activation, accelerated helium ions have been used. This 
approach allowed us to observe vacancy behavior in the base material as well as possible 
helium voids formation. Helium implantations have been performed on the linear 
accelerator of the Slovak University of Technology in Bratislava. The ion energy 
(250keV) was chosen to ensure possibility of application of additional non-destructive 
methods, sensitive in near surface areas (MS, XRD, and SEM). To calculate parameter 
DPA (Displacement Per Atom), one has to consider the depth sensitivity of the 
experimental technique planned to be used. In our case, the used positron source 22Na 
provides continuous spectrum of positrons up to energy 545 keV. It corresponds, in case 
of used Fe-Cr alloys, to the maximal positron implantation depth of about 120 µm. 
However, more than 99 % of positrons annihilate in 100 µm and this value was used for 
calculation of average DPA. Vacancies per implanted ion ratio was taken from the SRIM 
simulations and almost doesn’t dependent on the chromium content. There are almost no 
changes between pure iron, chromium and their variations of content in our alloys. The 
contribution of positron annihilation lifetime technique in the defects shows, that its 
highest density have been observed in the alloy with 8,39% of Cr. This could be 
interpreted via uniformly distributed defects in whole volume of impacted area and 
following increase of the probability of positrons to annihilate there. In the low chromium 
alloys the small vacancy clusters have been observed up to the size of 4 vacancies 
agglomeration. However, such clusters of the vacancies have not been observed in high 
chromium materials. It means, that Cr concentration on the level 9 wt% was confirmed as 
optimal having in mind the resistance to the radiation induced defects agglomerations. 
Mono- and/or di-vacancies are more acceptable than their agglomerations from the 
radiation embrittlement resistance point of view.  
This project was supported by VEGA 1/0129/09 and 7RP-Euratom/CU. 
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Atom probe characterization of nanoparticles in Y2O3 ODS Eurofer steel 
 

A.A. Aleev1, A.G. Zaluzhny1, A.A. Nikitin1, S.V. Rogozhkin1, N.A. Iskandarov1, 
P. Vladimirov2, A. Möslang2 

 
1 SSC RF Institute for Theoretical and Experimental Physics, Moscow, Russia 

2 Forschungzentrum Karlsruhe GmbH, Institute für Materialforschung-I, Karlsruhe, 
Germany 

 
Oxide dispersion strengthened steels exhibit higher temperature and radiation resistance 
than conventionally produced ferritic/martensitic steels. Such behaviour, as believed, is 
mainly caused by presence of highly dispersed and extremely stable oxide particles with 
sizes of few nanometers. It was shown that the most promising oxide additive was yttria 
(Y2O3) and as mechanical parameters were strongly depended on size and number 
density of formed peculiarities it is required to reduce their dimensions to few nanometers 
and drastically increase their number. At present, considerable effort is focused on 
investigation of behaviour and properties of such particles. Recent studies of Eurofer 
ODS steel (9%-CrWVTa) by SANS and PoAS revealed the presence of high number 
density structural peculiarities with size approximately one nanometer [1, 2]. At the same 
time, previous studies by TEM identified only high number of small (5-10 nm) Y2O3 
particles. So, the purpose of this work was to look into this material by means of 
tomographic atom probe and find out the chemistry and origin of peculiarities with sizes 
less than 5 nm. These investigations revealed fine (≈ 2 nm) particles that were enriched 
not only in yttrium and oxygen but also in vanadium and nitrogen. Concentration of 
vanadium in them is approximately at the same level as yttrium. Moreover, some 
particles were found to be enriched in only three or even two elements mentioned above. 
However, total concentration of chemical elements in these particles is considerably less 
than that of iron. Estimated number density for detected particles is (1÷5)×1023 m-3.  
 
[1] Y. Ortega et al., J. Nucl. Mat., 376 (2008) 222-228 
[2] R. Coppola et al, Physica B, 350 (2004)  e545-e548 
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Eurofer weldability is established for data base assessment and TBM manufacturing 
support. Electron Beam, Hybrid (Laser combined with MIG/MAG), Laser and Narrow 
Gap TIG processes have been carried out on Eurofer Low activation steel. Electron Beam 
produces very narrow fusion zone width, in the range of 3 to 4 mm, and too strong 
enhanced weld shape with brittle joints with δ-ferrite and pores. This process is 
considered only for low penetration depth (cooling plates). The other processes produce 2 
families of similar results: one for Hybrid (MIG + Laser) and Laser processes, and a 
second one for TIG and Narrow Gap TIG processes. The first one procures less distortion 
and coarsened fusion zone, due to higher cooling rate. For all the welding processes, high 
hardness values, increasing brittleness and softening effects in the Heat Affected Zone are 
observed for each welding configuration that could signal creep problems. The Fusion 
Zones are typically composed of martensite laths, with small grain sizes. In the Heat 
Affected Zones, martensite grains are observed with carbide precipitation. Eurofer filler 
wire with optimized chemical composition is developed for producing welds with good 
properties and high joint coefficient value. To restore mechanical properties after 
welding, PWHT have been developed: single step for the first family and 2 steps for the 
second one. Distortions of different mock-ups with and without PWHT have been 
managed to assess manufacturing rules and clamping devices. Welding data base has thus 
been established. W coating on the TBM structure has shown no strong effect on the 
TBM structure. 
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Ferritic-martensitic chromium steels are candidate materials for future applications in 
both Gen-IV fission and fusion technology. Experimental investigation of neutron-
irradiated Fe-Cr model alloys is important in order to gain a better understanding of the 
interplay of chromium content and irradiation behaviour. Small-angle neutron scattering 
(SANS) is particularly well suited to unfold the size distribution of non-planar 
irradiation-induced nanoscale features such as defect-solute clusters, nanovoids and α’-
particles. This size distribution represents a statistically reliable average over a 
macroscopic volume. Assumptions on the dominant type of features can be checked 
against the ratio of magnetic and nuclear scattering. The materials investigated in this 
work are commercial-purity Fe-Cr alloys of nominal compositions Fe-2.5Cr, Fe-5Cr, Fe-
9Cr and Fe-12.5Cr (at %). Neutron irradiation was performed in the reactor BR2 at Mol 
(Belgium) at a temperature of 300°C and neutron flux of 9 x 1013 cm-2 s-1 (E > 1 MeV) 
[Matijasevic, JNM 377 (2008) 147]. The neutron exposures expressed in units of 
displacements per atom correspond to 0.6 and 1.5 dpa. A wavelength of 0.58 nm and 
three detector-sample distances of 1, 4 and 16 m were used in the SANS experiments 
carried out at the SANS-2 facility of GKSS Geesthacht (Germany). The samples were 
placed in a saturation magnetic field in order to separate magnetic and nuclear 
contributions. The scattering curves obtained for the unirradiated conditions of the four 
Fe-Cr alloys were taken as reference. We have found that the volume fraction of 
scatterers slightly increases with neutron exposure (Fe-9Cr) or exhibits a saturation-like 
behaviour (Fe-2.5Cr, Fe-5Cr and Fe-12.5Cr) and that the volume fraction at 1.5 dpa is an 
increasing function of the chromium level with a slight increase up to 9 at%Cr and a 
steep increase between 9 and 12.5 at%Cr. The radii of irradiation-induced scatterers are 
essentially less than 8 nm and the size distributions can be reasonably described by 
monomodal (Fe-2.5Cr, Fe-5Cr and Fe-12.5Cr) or bimodal (Fe-9Cr) distributions. The A-
ratio of 2.05 obtained for Fe-12.5Cr agrees with the expectation for the α’-phase. For the 
lower chromium levels the A-ratio can be explained neither as α’ nor as nanovoids alone. 
Clusters composed of Cr atoms and impurity carbon are possible candidates. 
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Oxide dispersion strengthened (ODS) steels are promising structural materials for both 
fusion and fission Generation IV reactors. Indeed, they exhibit excellent mechanical and 
creep properties and radiation resistance thanks to a fine and dense dispersion of complex 
nanometric oxides. ODS steels are usually elaborated by ball-milling iron based and 
yttrium oxide powders and then by thermomechanical treatments. It is expected that ball-
milling dissolves yttrium oxides in the metallic matrix and that annealing induces nano-
oxide precipitation. However the formation mechanism remains unclear and as a 
consequence the process is still uncontrolled. In this context, we proposed a new 
approach based on reactive ball milling of iron oxide (Fe2O3), yttria (YFe3) and iron 
based alloy in a dedicated instrumented ball-milling device. Also, a fine scale 
characterization, after each step of the process including ball-milling, is performed. A Fe-
14Cr-2W-1Ti-0.8Y-0.2O (%wt) ODS steel was synthesized by reactive ball-milling and 
was characterized at very fine scale in both as-milled and as-annealed state. Atom Probe 
Tomography (APT) and Small Angle Neutron Scattering (SANS) were combined. After 
ballmilling, most of Y and O were, as expected, in solution in the ferritic matrix but some 
complex Y-Ti nano-oxides were also observed, indicating that oxide nucleation can start 
during ball-milling. With annealing the number of nano-oxides increases. In this 
presentation, experimental results of APT and SANS will be detailed and compared with 
what is usually observed in ODS steels elaborated by conventional ball milling. Finally, a 
formation mechanism of nano-oxides deduced from these results will be proposed. 
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For fusion as well as advanced nuclear fission systems, high chromium steels are 
considered as potential structural materials and therefore are extensively investigated 
within the nuclear materials community. The experimental programs including irradiation 
and post-irradiation examination and testing cannot cover all desirable parameters calling 
therefore for a careful interpretation. The latter relies on a number of tools that were 
developed to help understanding the materials behaviour. The approach is important for 
both analysing the material behaviour under irradiation and materials development. This 
paper gives an overview of the R&D activities undertaken at SCK•CEN that are devoted 
to high Cr steels behaviour under irradiation. These activities include microstructural 
characterization, mechanical properties and radiation damage modelling. The various 
aspects that are examined are part of an integrated approach with the main focus of 
rationalizing the experimental observations.   
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Small-angle neutron scattering (SANS) is a powerful experimental tool to investigate the 
microstructural evolution under irradiation in steels for fission and future fusion reactor 
systems. SANS allows in fact to non-destructively investigate massive sample, to 
distinguish non-magnetic and magnetic defects (such as some kind of precipitates), to 
detect light elements including H. Furthermore, combined with other techniques such as 
Transmission Electron Microscopy (TEM), SANS measurements provide fundamental 
information  to experimentally check theoretical models. This contribution will review 
recent and unpublished SANS results concerning: modelling of helium bubble growth in 
F82H-mod. steel implanted with α-particles dose dependence of microstructural radiation 
damage (growth of microvoids) in Eurofer-97 steel for fusion reactors irradiated at 250°C 
microstructural evolution in Eurofer material strengthened with Y2O3 (Eurofer-ODS for 
fission reactors), both under thermal treatments and under neutron irradiation. The 
discussion of these results will focus on the quality of the metallurgical information 
obtained by such SANS measurements and consequently on their usefulness also for 
engineering and design purposes.  
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In conventional nuclear technology a lot of experience has been accumulated meanwhile 
for ferritic alloys, austenitic steels and Ni-based alloys as main component materials 
during R&D, design, construction and operation. Future Nuclear Power Plants such as 
Liquid Metal Reactors (LMRs), High Temperature Reactors (HTRs) or Fusion Reactors 
(FRs) are complex in the design and experiences with coolants/components are limited. 
Generally materials and their joining are key issues and their performance in components 
has not yet been demonstrated. Grades commonly used in fission reactors or conventional 
power systems have been proposed for the Gen IVs due to the extensive amount of work 
for the qualification and for code application. For high temperature operating conditions 
in heat exchangers of HTRs conventional alloys such as Alloy 800H or Alloy 617 have 
been specified  in previous European projekts (AVR, THTR, PNP,..). Both alloys have 
been tested already during the extensive German R&D activities for HTR/PNP projects 
between 1980-90. For the reactors of GEN IV, information gained from these activities 
and also from the European FBR –development (EFR) can be used and the available data 
may limit the extend of necessary R&D work. Design relevant properties especially of 
Alloy 617 from the previous R&D activities are summarized and compared with some 
recent results. The creep data from investigations for conventional power plants in the 
range of 700-800°C  fit well the data from the previous HTR programme. Problems such 
as reheat cracking are discussed. Critical issues of materials response to the helium 
environments are reviewed and the effect of ageing on mechanical properties. 
 

W. Dietz, in: Materials Science and Technology Vol. 10B/ Nuclear Materials Part II, 
Chapter 8 (Structural Materials, pp. 53 – 178),  VCH Verlagsgesellschaft Weinheim 1994 
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Fission and fusion energy application of ODS steels while appearing promising requires 
that many key science issues be resolved.   Among these issues are our incomplete 
understanding of the effect of irradiation on low-temperature fracture properties, the role 
of fusion relevant helium and hydrogen transmutation gases on the deformation and 
fracture of irradiated material at low and high temperatures, radiation-induced solute 
segregation and phase stability, mechanisms of swelling suppression in ODS steels, and 
the effects of radiation damage on localized deformation.   While planning to focus on all 
these issues we are particularly interested in the atomic scale mechanism by which 
helium is mitigated by the nano scale particles.  In order to obtain insight we are 
performing analytical transmission electron microscopy (AEM), high resolution electron 
microscopy (HRTEM) to investigate micro-structural and micro-compositional changes 
and property alterations of Fe-Cr ferritic/martensitic and ODS steels driven by 
temperature and ion-beam irradiation with Fe, H, and He. As a beginning to a 
collaboration between LLNL and CEA-Saclay, we have carried out an irradiation of four 
specimens, Fe, Fe14%Cr, and two ODS steels (14% Cr and 16% Cr) using the dual beam 
facility at CEA-Saclay (JANNuS).  An Fe 8+ beam was implanted at 24 MeV and helium 
was implanted through a degrader wheel with energies between 1.7 MeV and 1.3 MeV.  
The nominal radiation parameters were 40 to 25 DPA, 10 to 25 appm He/DPA ratio, and 
specimen temperatures of ~425oC.  Our goal is to compare the evolved microstructure 
with respect to the accumulation of helium at or near the particle matrix interface.  
Preparatory to this first study we have made many hi-resolution analyses of the nano-
particles in the two ODS steels which serve as a base line for comparison with the TEM 
post irradiation examination reported here.  These base line studies are reported 
separately at this conference. 
 
This work was performed in part under the auspices of the U.S. Department of Energy by 
Lawrence Livermore National Laboratory under Contract DEAC5207NA27344.  
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Thermally activated motion of screw dislocations is the rate-determining mechanism for 
plastic deformation and fracture of body centred cubic (bcc) metals and alloys. Recent 
experimental observations by S.G. Roberts’ group at Oxford showed that ductile-brittle 
behaviour of bcc vanadium, tungsten, pure iron, and iron-chromium alloys is controlled 
by an Arrhenius process in which the energy for thermal activation is proportional to the 
formation energy for a double kink on a b=½<111> screw dislocation, where b is the 
Burgers vector of the dislocation. Interpreting these experimental observations and 
extending the analysis to the case of irradiated materials requires developing a full 
quantitative treatment for perfect and kinked screw dislocations. Modelling screw 
dislocations also presents a challenge for the development of interatomic potentials. 
Recent density functional theory (DFT) calculations have revealed that the ground-state 
structure of the core of screw dislocations in all the bcc transition metals is non-
degenerate and symmetric, whereas inter-atomic potentials used in molecular dynamics 
simulations for these metals often predict a degenerate, symmetry-broken core-structure. 
In this work we show how, by treating the structure of a screw dislocation within a multi-
string Frenkel-Kontorova model, we can develop a criterion that guarantees the correct 
symmetric core of the dislocation. Extending this treatment, we find a systematic recipe 
for constructing Finnis-Sinclair-type potentials that are able, as a matter of routine, 
produce non-degenerate core structures of ½<111> screw dislocations. Modelling 
thermally activated mobility of screw dislocations also requires that the transition 
pathway between stable core positions of a dislocation is accurately reproduced. DFT 
data indicates that the shape of the ‘Peierls energy barrier’ is a single-hump curve, 
including transitional configurations close to the so-called ‘hard’ structure. Interatomic 
potentials have, up to now, produced a double-hump energy barrier for the transition 
pathway. In this work we investigate the role of the strength and the range of effective 
inter-string interactions in terms of their effect on the shape of the Peierls energy barrier. 
 
Work partly funded by UK EPSRC and EURATOM 
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Insulating materials: surface damage: Oxide materials will be extensively used in ITER in 
heating and current drive, and diagnostic systems where they will play important roles as 
electrical insulators, and RF and optical transmission components. These materials will 
be subjected to neutron and gamma radiation, and additionally to bombardment by low 
energy ions and neutral particles of energies between eV and keV as a consequence of 
neutron reactions and related sputtering at vacuum surfaces, as well as ionization and 
acceleration of the residual gas due to local electric fields. To assess the damage, SiO2 
(KS-4V), Al2O3, AlN, and BeO, the main candidate ceramic insulators for ITER were 
implanted (bombarded) with light ions, and KS-4V and sapphire were also irradiated with 
electrons. In-situ surface electrical conductivity measurements in high vacuum during 
implantation or irradiation were carried out. In addition, before and after implantation or 
irradiation, both optical absorption measurements and SEM X-ray analysis were 
performed. It was found that the origin of the surface electrical and related optical 
degradation is radiolytic, i.e. the damage is caused by the electronic excitation induced 
during material irradiation.  
 
Plasma Wall Interaction: In fusion devices, in the region next to high temperature plasma 
(typically ~10 keV), material erodes from plasma-facing materials in one location and is 
transported to other, sometimes remote, locations throughout the device. The transported 
material may then be deposited on, or implanted into, other materials. If the plasma 
facing material in a device consists of more than a single element there is a high 
probability that the composition of the plasma-facing surfaces will evolve over time and 
may exhibit plasma interaction properties much different from the originally installed 
material. These plasma-created materials are so – called mixed materials. The creation of 
mixed-material surfaces will depend on many factors that determine the arrival and loss 
rate of material from those surfaces. Previous works carried out in the linear divertor 
plasma simulator PISCES-B on beryllium/carbon mixed-material effects revealed that 
both chemical and physical erosion of carbon was mitigated by beryllium impurities in 
the plasma. X-ray photoelectron spectroscopy (XPS) analyses of these targets subsequent 
to plasma exposure revealed the formation of beryllium carbide (Be2C), which is thought 
to play an important role in carbon erosion mitigation. Here, formation and evolution of 
mixed material in JET, in where both beryllium and carbon are used together as plasma – 
facing materials are discussed.  
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Many key issues remain unsolved for developing ODS steels for fission and fusion 
applications including incomplete understanding of the effect of irradiation on low-
temperature fracture properties, the role of fusion relevant helium and hydrogen 
transmutation gases on the deformation and fracture of irradiated material at low and high 
temperatures, radiation-induced solute segregation and phase stability, mechanisms of 
swelling suppression in ODS steels, and the effects of radiation damage on localized 
deformation. In order to resolve these key issues, we plan to conduct x-ray diffraction 
(XRD), analytical transmission electron microscopy (AEM), high resolution electron 
microscopy (HRTEM), and microanalysis to characterize and investigate micro-structural 
and micro-compositional changes and property alterations of Fe-Cr ferritic/martensitic 
and ODS steels driven by temperature and ion-beam irradiation with Fe, H, and He. In 
preparation for these ion-beam experiments we are performing TEM microscopy of 
various ODS steels with an emphasis on the structure of the oxide particles and their 
coherence with respect to the Fe(Cr) matrix.  We will report on some of these studies and 
will point out the features which illuminate the influence of thermodynamics and kinetics 
on the growth and refinement of the nano-particles.  We will also point to those features 
that may be of interest with respect to the suppression of radiation induced dimensional 
changes due possibly to the nano-dispersoids. 
      

 
TEM micrographs of (a) bright-field image and (b) dark-field image show the grain morphology 
and nano-scale oxide particles of Y4Al2O9 (YAM) formed in a 16Cr-ODS steel; the formation of 
Y4Al2O9 (YAM) is confirmed by the simulated diffraction pattern of the -zone shown 
in (c). 
 
This work performed under the auspices of the U.S. Department of Energy by Lawrence 
Livermore National Laboratory under Contract DEAC5207NA27344. 
 

(c  
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As a result of its high temperature creep strength, the martensitic alloy P91 is a strong 
candidate for application as a pressure vessel and heat exchanger material of construction 
in Next Generation nuclear plant. This candidature is supported by lengthy and successful 
operation in other high temperature plant in particular in fossil fuel fired plant. The only 
potential area of concern which will have to be taken into account for the nuclear 
application concerns the behaviour of construction weldments. Any risk of Type IV 
cracking has to be avoided and hence a thorough knowledge concerning the integrity of 
the weld has to be demonstrated. This can be achieved on the macro scale through cross 
weld creep testing although the results of such tests are difficult to interpret and are not 
included in design codes. A novel approach is proposed which relies on the determination 
of the creep properties of the different zones of the weldment on a micro-scale based on 
the Small Punch Testing methodology. Although results from such tests are similarly 
debarred from design codes at present, the potential of the method should be evaluated 
through testing and analysis as it has a second prospective role in plant operation lifetime 
assessment once the plant is in operation. The test methodology has recently been 
incorporated into a CEN Code of Practice in order to improve the acceptability of the 
results. In this paper, results are presented from the Small Punch creep tests carried out 
exactly following the Code of Practice for the various constituent zones of the weldment 
and the potential weaknesses are identified within the heat affected zone. 
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The (very) high temperature reactor concept ((V)HTR) is characterized by its potential 
for process heat applications. The production of hydrogen by means of thermo-chemical 
cycles is an appealing example, since it is more efficient than electrolysis due to the 
direct use of process heat. The sulfur-iodine cycle is one of the best studied processes for 
the production of hydrogen, and solar or nuclear energy can be used as a heating source 
for the high temperature reaction of this process. The chemical reactions involved in the 
cycle are: 
 
I2 (l) + SO2 (g) +2 H2O (l) → 2HI (l) + H2SO4 (l)                                            (70-120oC) 
H2SO4 (l) → H2O (l) + SO2 (g) + ½ O2 (g)                                                     (800-900oC) 
2HI (l) → I2 (g) + H2 (g)                                                                                  (300-450oC) 
 
The high temperature decomposition of sulphuric acid, which is the most endothermic 
reaction, results in a very aggressive chemical environment which is why suitable 
materials for the decomposer heat exchanger have to be identified [1, 2]. The class of 
candidate materials for the decomposer is based on SiC. In the current study, SiC based 
materials were tested in order to determine the residual mechanical properties (flexural 
strength and bending modulus, interfacial strength of brazed joints), after exposure to an 
SO2 rich environment, simulating the conditions in the hydrogen production plant [3]. 
Brazed SiC specimens were tested after 20, 100, 500 and 1000 hrs exposure to SO2 rich 
environment at 850oC under atmospheric pressure. The gas composition in the corrosion 
rig was: 9.9 H2O, 12.25 SO2, 6.13 O2, balance N2 (% mol). The characterization involved: 
weight change monitoring, SEM microstructural analysis and four-point bending tests 
after exposure. Most of the specimens gained weight due to the formation of a corrosion 
layer as observed in the SEM. The corrosion treatment also showed an effect on the 
mechanical properties. In the four-point bending tests performed at room temperature and 
at 850oC, a decrease in bending modulus with exposure time was observed. While at 
room temperature differences were small, they became significant at 850oC. The bending 
modulus of the exposed samples also exhibited a stronger decrease with temperature than 
that of the untreated reference samples. Flexural strength did not exhibit a specific 
pattern, since an increase of strength in some samples and a decrease in one batch of 
samples resulted from the exposure. 
 
[1] V. Ponyavin et al., Progress in Nuclear Energy, 50 (2008), pp 427-433.   
[2] A.M. Banerjee et al.,  Int. J. Hydrogen Energy 33 (2008), pp. 319–326.  
[3] N.S. Jacobson, Journal of the American Ceramic Society 76 (1993), pp. 13-28. 
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The paper summarizes results of irradiation embrittlement study of EUROFER 97 
material that has been proposed as one candidate for future GEN IV reactors. Material 
specimens were irradiated in the Chouca rig (irradiation rig with a controlled temperature 
and inert gas) in the core of the LVR-15 experimental reactor in the Nuclear Research 
Institute Rez plc for 8 irradiation cycles (21 days each) at 200-250 °C to neutron fluence 
equivalent to approx. 2.5 dpa ( approx. 1.5 x 1021 m-2, En > 1 MeV). Test specimens were 
manufacture from base metal as well as from weld metal and tested in initial unirradiated 
condition and also after aforementioned irradiation. Irradiation embrittlement was 
characterized by testing toughness properties at transition region – static fracture 
toughness and dynamic fracture toughness as well as impact notch toughness properties, 
all in subsize three point bend specimens of 4 mm x 3 mm x 27 mm size. Testing and 
evaluation was performed in accordance with ASTM and ESIS standards, fracture 
toughness KJC and KJd data were also evaluated with the “Master curve” approach. 
Moreover, dependencies J-R were also determined and analysed. The paper compares 
unirradiated and irradiated properties as well as changes in transition temperature shifts 
of these material parameters.  Discussion about the correlation between static and 
dynamic properties is also given. Results from irradiation of EUROFER 97 showed that 
this steel – base metal as well as weld metal – is suitable as a structural material for 
reactor pressure vessels of innovative nuclear systems – GEN IV. While at dynamic 
fracture toughness testing both materials have very similar resistance against radiation 
embrittlement, weld metal shows lower radiation embrittlement shift than base metal.  
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Oxide dispersion strengthened steels possess better high-temperature creep and radiation 
resistance than conventionally produced ferritic/martensitic steels. This behavior is 
mainly caused by the presence of highly dispersed and extremely stable oxide particles 
with sizes of few nanometers. One of the promising oxides used for dispersion 
strengthening was yttria (Y2O3), which was introduced into EUROFER by mechanical 
alloying followed by the hot isostatic pressing at temperature around 1000-1200°C and 
pressure ~100 MPa. It was found that mechanical properties were strongly depended on 
size and spatial distribution of the precipitates. Therefore considerable efforts are focused 
on the investigation of the chemical composition and orientation of precipitates with 
respect to the steel matrix [1]. Recent studies of Eurofer ODS steel (9%-CrWVTa) by 
SANS revealed the presence of high number density structural features with a size of 
approximately one nanometer [2]. At the same time, previous studies by TEM identified 
only high number of small (6-40 nm) Y2O3 particles [3]. In this work we tried to get a 
deeper inside into the nanostructure of this material by means of tomographic atom probe 
and to correlate the results with the picture obtained by TEM. The present investigations 
revealed fine (≈2 nm) enrichments containing not only yttrium and oxygen but also 
vanadium and nitrogen. Concentration of vanadium was found to be approximately at the 
same level as yttrium. Some of the enrichments contained only three or even two 
elements mentioned above. Estimated number density of enrichments is about 
(1÷5)×1023 m-3.  We suppose that these enriched zones might be precursors of the larger 
precipitates observed by TEM. The thesis seems to be supported by the similarities of the 
chemical composition and spatial distribution of elements inside enriched zones and nano 
precipitates studied by atomic probe and analytical TEM methods. 
 
[1] M. Klimiankou, R. Lindau, A. Moeslang, J. Nucl. Mater. 329–333 (2004) 347–351. 
[2] R. Coppola et al, Physica B, 350 (2004)  e545-e548. 
[3] Ch.Ch. Eiselt, M. Klimenkov, R. Lindau, A. Möslang, H.R.Z. Sandim, A.F. Padilha, 

D. Raabe, J. Nucl. Mater. 385 (2009) 231–235. 
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Reduced activation ferritic martensitic steel, Eurofer97, is considered as one of the 
potential candidates for the structural components of the TBM (Test Blanket Module) of 
ITER and of future fusion power plants. Such components will operate under combined 
mechanical and thermal cycling, thus in order to design them the low cycle fatigue life 
and the fatigue crack propagation behaviour have to be examined. In the present work the 
low cycle fatigue life and fatigue crack propagation results for different technological 
products of Eurofer97 steel were investigated both in reference and in irradiated 
conditions. The fatigue behaviour of Eurofer97 steel is found to be similar to that of the 
conventional F82H steel. In both steels the decrease in fatigue resistance is observed with 
the increase of test temperature. A reduction in low cycle fatigue life occurs above 450°C 
due to thermal activation of the material. A considerable scatter in fatigue life is observed 
in both steels, which is often attributed to the fact that fatigue is a stochastic process. No 
pronounced effect of the different technological product forms on the fatigue life of 
Eurofer97 has been observed. However, ODS Eurofer97 (0.5 wt.% Y2O3) steel exhibits a 
shorter fatigue life at higher strain range (1 – 1.4 %). Irradiation at low temperature 
(300°C, 2.5 dpa), when irradiation hardening occurs, is found to be beneficial at low 
strain amplitude and to be adverse at high strain amplitude. Irradiation at higher 
temperatures (> 450 °C, 2.5 dpa), when there is no irradiation hardening, seems not to 
affect low cycle fatigue behaviour of Eurofer97. The effect of creep/fatigue interaction is 
observed in the low strain ranges where the longer testing times allow the creep 
mechanism to affect the material. Hold time and irradiation at 450 °C up to 2.5 dpa have 
no influence on the fatigue crack propagation in Eurofer97 steel in the linear region II at 
testing temperature of 450 °C. 
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The development of structural materials with the desired properties to produce the 
components facing the plasma in fusion reactors is one of the key problems in fusion 
technology. The structural materials used in the first wall and breeder blanket limits the 
operating temperature of the system, and higher operating temperatures means higher 
efficiency. Among the advanced material under consideration for those parts (first wall 
and breeder blanket) SiC based composites offers the greatest potential. However, 
considerable research is still required in order to solve engineering feasibility and 
manufacturing issues, as the improvement of the maximum working temperature and the 
capability of fabrication of components with homogeneous properties at reasonable cost. 
Last decade, there has been a strong effort in blanket design using SiCf/SiC composites 
which are rather expensive while excellent mechanical properties are not so mandatory as 
resistance to neutron irradiation for this application. In this work, an experimental 
procedure for manufacturing SiC/C composite materials with homogeneous properties 
from low cost precursors is described. The process consists in classical reactive 
infiltration of porous carbon preforms by liquid silicon to produce RBSC where the 
porous carbon preforms are tailor-made for the fabrication of SiC components without 
residual Si. The proper selection of the feedstock nature and the pyrolysis conditions 
determine the microstructure and sinterability of the carbon particles, respectively. These 
two features control the reactivity of the carbon substrate and porosity of the carbon 
preform for complete infiltration. The absence of silicon and the homogeneous 
microstructure of the SiC materials produced by this procedure make them suitable for 
structural applications at temperatures higher than 1200ºC. Furthermore, the technique 
allows near-net-shape capability and the carbon source is a low cost material.  
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Within the 6th Framework Program HPLWR-2 project (High Performance Light Water 
Reactor – Phase 2), stress corrosion cracking (SCC) susceptibilities of selected austenitic 
stainless steels, 316L and 316NG, were studied in supercritical water (SCW) with the aim 
to identify and describe the specific failure mechanisms prevailing during slow strain-rate 
tensile (SSRT) tests in ultra-pure demineralised SCW water solution. The SSRT tests 
were performed using a step-motor controlled loading device in an autoclave at 350°C, 
500°C and 550°C. Besides water temperature, the pressure, the oxygen content and the 
strain rate (resp. crosshead speed) were varied in the series of tests. The specimens SSRT 
tested to failure were subjected to fractographic analysis, in order to characterise the 
failure mechanisms. The fractography confirmed that failure was due to a combination of 
transgranular SCC and transgranular ductile fracture. The share of SCC and ductile 
fracture in the failure process of individual specimens was affected by the parameters of 
the SSRT tests, so that the environmental influence on SCC susceptibility could be 
assessed, in particular, the SCC sensitising effects of increasing oxygen content, 
decreasing strain rate and increasing test temperature.  
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Argon gas atomized, pre-alloyed Fe-14Cr-2W-0.3Ti oxide dispersion strengthened 
(ODS) ferritic steel powder was mechanically alloyed with 0.3Y2O3 (wt.%) nano-
particles in attritor ball mill and consolidated by hot isostatic pressing (HIP) at 1150°C 
under pressure of 200 MPa for 3 hrs. To improve mechanical properties of as HIPped 
ODS ingots the material was undergone further thermo- mechanical treatment (TMT), 
namely: hot rolling (HR) at 850°C or high speed hot extrusion (HSHE) at 850°C. After 
TMT both materials were annealed at 1050°C for 1 h in vacuume. Transmission electron 
microscopy (TEM) observations of the ODS alloys after TMT and heat treatment 
exhibited elongated in a longitudinal direction grains with an average size of 75 µm. 
However, an equiaxed, smaller than 500 nm grains were also found in the microstructure 
of both materials. Different size and morphology of oxides particles were also observed. 
Bigger, about 150 nm Ti-Al-O particles were usually located at grain boundaries whereas 
Y-Ti-O nanoclusters of about 5 nm were uniformly distributed in ODS steel matrix. The 
Charpy impact tests revealed significantly better about 90% (5.8 J) upper shelf energy 
(USE) of material after HSHE but ductile to brittle transition temperature (DBTT) of both 
alloys was unsatisfactory. As-HR ODS steel has shown DBTT of about 55°C whereas 
HSHE ODS steel has about 75°C. This relatively high values of transition temperature 
were probably caused by oxides particles present at grain boundaries of the ODS alloys 
which decreased fracture properties of the ODS steels. High temperature tensile 
properties of both ODS alloys are found to be satisfactory in full range of the testing 
temperature from 23 up to 750°C. However, about 15% better UTS and YS0.2 (1350 
MPa and 1285 MPa, respectively) as well as ductility were measured in the case of the 
as-HSHE ODS steel. These results indicates that HSHE process of the ODS steel can be 
considered as more effective TMT method than hot rolling. 
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The web-enabled materials database (Mat-DB) of JRC-IE has a long-term history in 
storing materials test data resulting from European and international research projects. 
The database structure and the user-guidance has bee permanently updated improved and 
optimized. The database is implemented in the secure ODIN portal: 
https://odin.jrc.ec.europa.eu of JRC-IE. This architecture guarantees fast access to 
confidential and public data and documentation which are stored in an inter-related 
document management database (DoMa). It is a part of JRC’s nuclear knowledge 
management. Mat-DB hosts the whole pool of IAEA surveillance data of reactor pressure 
vessel materials from different nuclear power plants of the member states. Mat-DB 
contains also thousands of European GEN IV reactor systems related R&D materials data 
which are an important basis for the evaluating and extrapolating design data for 
candidate materials and setting up design rules covering high temperature exposure, 
irradiation and corrosion. Those data and rules would match also fusion related 
components. Mat-DB covers thermo-mechanical and thermo-physical properties data of 
engineering alloys at low, elevated and high temperatures for base materials and joints, 
including irradiated materials for nuclear fission and fusion applications, thermal barrier 
coated materials for gas turbines and properties of corroded materials. The corrosion part 
refers to weight gain/loss data of high temperature exposed engineering alloys and 
ceramic materials. For each test type the database structure reflects international test 
standards and recommendations. Mat-DB features an extensive library of evaluation 
programs for web-enabled assessment of uniaxial creep, fatigue, crack growth and high 
temperature corrosion properties. Evaluations can be performed after data retrieval or 
independently of Mat-DB by transferring other materials data in a given format to the 
programs. The fast evaluation processes help the user to get a detailed data analysis or 
data extrapolation for component design and life-time prediction. Mat-DB is an excellent 
tool to conserve and administrate experimental materials test data of nuclear-energy 
related projects together with extended documentation. . The paper provides an overview 
over: security, access rights and data confidentiality, advantages of central data 
administration and data access, example of data entry user-guidance, example of data 
retrieval, overview of data evaluation, maintenance and upgrades of Mat-DB. 
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INIS is, at present, the leading reference database for scientific literature on the peaceful 
uses of nuclear science and technology. It operates at the IAEA - INIS and NKM Section 
and coordinates nuclear information management activities: maintains INIS database and 
the access to the database, prepares the IAEA input; controls the input from the Member 
States and assists them in establishing information centers and exchanging nuclear 
information. The INIS DB covers all types of literature, published worldwide: journal 
articles, conference proceedings, legal documents, scientific and technical documents etc. 
The non-conventional collection (NCL) contains more than 200 000 full text documents. 
INIS provides free access to the bibliographic database for registered users and other 
information resources, such as database on CD-ROM, topical CDs, full text database, 
links to other databases, web pages, authority list etc. INIS database offers structured and 
easy searchable information. The information is grouped in subject categories, under the 
INIS-ETDE subject classification scheme, which is periodically updated to reflect the 
new developments in the specific area. The main INIS areas are: nuclear physics, reactor 
physics and engineering, material science, nuclear fuels, plasma physics and fusion 
technology, particle accelerators radiation protection, nuclear medicine. The database 
grows rapidly - currently contains over 3 million records. The material science, reactor 
design and engineering, new reactor technologies and plasma applications are among the 
most rapidly growing subject categories. INIS database offers different search options, 
depending on the needs of the user: simple search; advanced search in abstract, author, 
place and date of publication, source, document type, subject, descriptors etc.; search by 
descriptors and predefined queries; combining queries by logical operators. The export 
from the database is available in html, text, formatted text; XML and MS Excel. The 
preparation of topical collections for specific conferences, targeting specific users 
provides highly specialized information and helps the more efficient use of the system. 
INIS and NKM Section is also a part of the IAEA Nuclear Knowledge Preservation 
project with contributions in the Fast Reactor Knowledge Preservation Initiative; Fast 
Reactor Knowledge base and Technology Advances in Fast Reactors and Accelerator 
Driven Systems, providing valuable information and knowledge resources for its users 
and assisting in accumulation and preservation of nuclear knowledge and expertise. 
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The phase stability of alloys and steels developed for application in nuclear fission and 
fusion technology is one of the decisive factors determining the potential range of 
operating temperatures and radiation conditions that the core elements of a power plant 
can tolerate. In the case of ferritic and ferritic-martensitic steels, the choice of the 
chemical composition is dictated by the phase diagram for binary FeCr alloys where in 
the 0-9% range of Cr composition the alloy remains in the solid solution phase at and 
below the room temperature. For Cr concentrations exceeding 9% the steels operating at 
relatively low temperatures are therefore expected to exhibit the formation of α´ Cr-rich 
precipitates. These precipitates form obstacles for the propagation of dislocations, 
impeding plastic deformation and embrittling the material. This sets the low temperature 
limit for the use of of high (14% to 20%) Cr steels, which for the 20% Cr steels is at 
approximately 600°C. On the other hand, steels containing 12% or less Cr cannot be used 
at temperatures exceeding ~600°C due to the occurrence of the α-γ transition (912°C in 
pure iron and 830°C in 7% Cr alloy ), which weakens the steel in the high temperature 
limit [1,2]. In this study, we investigate the physical properties of a concentrated ternary 
alloy system that attracted relatively little attention so far. The phase diagram of ternary 
Fe-Cr-V alloy shows no phase boundaries within a certain broad range of Cr and V 
concentrations. This makes the alloy sufficiently resistant to corrosion and suggests that 
steels and dispersion strengthened materials based on this alloy composition may have 
better strength and stability at high temperatures. Experimental heats were produced on a 
laboratory scale by arc melting the material components to pellets, then by melting the 
pellets in an induction furnace and casting the melt into copper moulds. The compositions 
in weight percent (iron base) are 10Cr5V, 10Cr10V, 10Cr15V, 10Cr10V0.2C, 
10Cr10V0.4C. Tensile specimens have been fabricated, heat treated at 1100°C for 2 
hours for normalization, and tested at temperatures up to 700°C. The investigations were 
completed by hardness tests, metallographic imaging, and microstructure analysis. The 
content of intermetallic (Laves) phases increases with the vanadium content and the 
addition of carbon leads to carbide (VC) precipitation at the grain boundaries. In general, 
typical ferritic microstructures are recognizable with huge grain sizes (several 100 µm) 
for the 10Cr5-15V alloys and with smaller grain sizes (about 50 µm) for the 10Cr10V0.2-
0.4C alloys. However, the tensile tests performed so far have indicated about the same 
strength level at 700°C.  
 
[1] R. Lindau et al., Fusion Eng. Design, 75-79 (2005) 989-996. 
[2] S.P. Fitzgerald et al., Proc. Royal Soc. London A, 464 (2008) 2549–2559. 
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One of the main challenges for the realization of the future fusion reactor is the 
development and qualification of structural materials for first wall and breeding blanket. 
The fusion reactor application requires materials resistant to radiation damage, with 
excellent mechanical properties at high temperatures, good corrosion behaviour and 
reduced activation potential. Reduced Activation (RAFM) 9Cr Ferritic/Martenistic steels 
are the main candidates for first wall and blanket of fusion reactors, due to their 
resistance to swelling and excellent structural and thermal properties. These steels are 
based on the classical Cr-Mo steel grades but with a chemical composition modified in 
order to fulfil the low activation requirements, substituting the alloying elements with 
long decay times due to high activation by neutron irradiation. For this purpose the Mo is 
replaced by W, the Nb by Ta and Ni is removed. A summary of the activities related to 
the evaluation of the microstructural and mechanical properties of a reduced activation 
ferritic/martensitic steel fabricated at a semi-industrial scale in Spain will be presented in 
this paper. The steel chemical composition fulfils or is very close to the compositional 
specifications and metallurgical properties of the EUROFER steel. This activity 
corresponds to the ITMA and CIEMAT participation on Task 4 of the CONSOLIDER 
TECNO_FUS INGENIO 2010, financed by the Spanish Ministry of Science and 
Innovation. 
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Outstanding performance of oxide dispersion strengthened (ODS) steels at high 
temperatures and up to high doses allowed to consider them as potential candidates for 
fusion and fission power plants. At the same time their mechanical parameters strongly 
correlate with number density of oxide particles and their size. It is believed that fine 
particles are formed at the last stage of sophisticated production procedures and play a 
crucial role in higher heat- and radiation resistance in comparison with conventional 
materials. However, due to their small size - only few nanometers, characterization of 
such objects requires considerable efforts. Recent study of ODS steel by tomographic 
atom probe, the most appropriate technique in this case, shown considerable stability of 
these particles under high temperatures and ion-irradiation [1-2]. However, these results 
were obtained for 12/14% Cr with addition of 0.3% Y2O3 and titanium which is 
inappropriate in case of ODS Eurofer 97 and possibility to substitute neutron by ion 
irradiation is still under consideration. In this work effect of neutron irradiation on 
nanostructure behaviour of ODS Eurofer are investigated. Irradiation was performed on 
research reactor BOR-60 in SSC RF RIAR (Dimitrovgrad, Russia) up to 30 dpa at 280o 
and 580oC. Recent investigation of unirradiated state revealed high number density of 
nano-scaled features (nano-clusters) even without addition of Ti in steel [3]. It was shown 
that vanadium played significant role in nucleation process and core of nano-clusters was 
considerably enriched with it. In irradiated samples solution of vanadium in matrix was 
observed while the size of particles stayed practically unchanged. Also no nitrogen was 
detected in these particles in comparison with unirradiated state where bond energy of N 
with V was considered to be high as VN2+ ions were detected on mass-spectra.  
 
[1] P. Pareige, M.K. Miller, R.E. Stoller et al, Journal of Nuclear Materials 360 (2007) 

136–142. 
[2] T.R. Allen, J. Gan, J.I. Cole et al, Journal of Nuclear Materials 375 (2008) 26–37. 
[3] P. Vladimirov, A. Möslang, R. Lindau, M. Klimenkov, C. Eiselt1, R.Coppola, A.A. 

Aleev, A.V. Karpov, O.N.Makeev, S.V. Rogozhkin, A.G Zaluzhnyi. Workshop on 
Structural Materials for Innovative Nuclear Systems (SMINS), Karlsruhe, Germany, 
4-6 June 2007. 
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This paper presents the results of the indigenous efforts at IGCAR towards developing a 
9Cr Oxide Dispersion Strengthened (ODS) and Reduced Activation Ferritic Martensitic 
(RAFM) steels for the Fast Breeder Reactors (FBR) and fusion program in India. The 
sodium cooled fast reactors require development of high temperature radiation resistant 
materials for achieving high fuel burn-up of 200GWd/t (~160 dpa) or higher, which is 
one of the key factors for their efficient and economical operation. Ferritic / Martensitic 
steels (9-12% Cr) although exhibit higher void swelling resistance than austenitics, have 
poor high temperature creep strength, which limits the operating temperatures to ~550ºC. 
Oxide dispersion strengthening (ODS) is a promising means of extending the creep 
resistance of F/M steels beyond 650°C together with the advantages of high thermal 
conductivity and low swelling. Based on these well known principles, a developmental 
effort has been taken up to fabricate clad tubes using the yttria strengthened 9Cr ferritic 
steel. A small amount of Ti addition resulted in very fine mixed oxide particles of Y and 
Ti, thus improving creep rupture strength significantly. The process of clad tubes 
fabrication involved mechanical milling of alloy powders, consolidation by hot extrusion 
and tube formation by cold pilgering. Further, the particle size distribution studied using 
Analytical and High Resolution Electron Microscopy at intermediate stages and in the 
product showed a distribution of Y2O3 particles predominantly in the size range of 5-
20nm. The process parameters have been optimized and tubes of outer diameter 6.6 mm, 
thickness 0.48 mm and length 1500mm have been produced. The RAFM steel for the test 
blanket module of International Thermonuclear Experimental Reactor (ITER) project has 
also been developed. The steel conforming to specifications has been achieved by 
replacement of Mo and Nb (elements that lead to high induced radioactivity) by W and 
Ta, in addition to strict control on Mo, Nb, B, Cu, Ni, Al, Co and Ti that induce high 
radioactivity and trace elements that promote embrittlement. The transformation 
temperatures (Ac1, Ac3 and Ms) for this steel have been determined and the 
transformation behavior of the high temperature austenite phase has been studied. The 
complete phase field diagram has been generated which is required for optimization of 
processing and fabrication parameters and schedules for the RAFM steel developed.    
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New fusion and fission reactors for generation IV are envisaged to operate at conditions 
well above the actual ones for commercial fission reactors. This type of reactor combined 
a high operation temperature with a high neutron dose and an aggressive coolant, which 
imply new challenges for structural materials. One of the key issues to assure the safety 
and feasibility of these new nuclear systems is the selection of the structural materials, 
especially for in core components. Beside the differences between them, especially the 
amount of transmutation He in fusion reactors, similar structural materials have been 
selected. Some of the selected materials are well characterized at least at medium 
temperatures, as conventional ferritic/martensitic steels, but the qualification for higher 
temperatures is needed. For other materials, as ODS steels, there is a need for a complete 
characterization and qualification. In this paper a review of the operating conditions and 
selected structural materials for generation IV and fusion reactors within Europe is made. 
The needs for a complete characterization of these candidate materials are identified in 
terms of high temperature behaviour, radiation damage and coolant compatibility.    
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The aim of the work was to describe effect of long-time thermal ageing on the 
microstructure and fracture properties of the Eurofer´97 steel. The ferritic-martensitic 
reduced activation steel Eurofer´97 is candidate structural material for in-core 
components of proposed fusion reactors. The embrittlement of the high-chromium 
ferritic-martensitic steels implies important limitation for use of these materials. 
Properties of the Eurofer´97 steel were investigated in as-received state and in state after 
long-time thermal ageing. Isothermal ageing (550°C/5.000 h) was applied to partially 
simulate service condition in ITER. Detailed microstructure studies were carried out by 
means of optical and electron microscopy and also by means of quantitative electron 
microscopy. Quantitative electron microscopy includes evaluation of subrains’ growth 
and carbide coarsening. Mechanical properties were evaluated also in both states by 
means of Charpy impact testing. Fractography analysis of fracture surfaces was carried 
out on samples after Charpy impact testing in macro and micro scales. The microstructure 
of the Eurofer´97 consists of tempered martensite with M23C6 and MX precipitates. 
During the isothermal ageing studied the microstructure of the steel remained stable. 
Only a slight growth of the particles and partial recrystallization of the subgrains has been 
observed. Fracture behaviour of the two sheets used was different. The 25 mm sheet 
embodied transition curve shift about 15°C to the higher temperature comparing with the 
14 mm one. The isothermal ageing caused shift in tDBTT about +5°C for the 25 mm sheet. 
No proofs of the embrittlement were determined on fracture surfaces. Degradation of the 
impact properties was probably caused by synergic effect of carbide coarsening and 
partial recrystallization of the subgrains. Due to very lower content of the impurities in 
this steel and fracture mechanisms in relevant thermal intervals seems to be effect of the 
segregation negligible. 



 50 

Irradiation performance and mechanical properties 
of model Fe and Fe-Cr alloys 

 
Carolyn Tomchik1, Maria Okuniewski2, Xiao Pan1, James Stubbins1, and Mark Kirk3 

 
1Department of Nuclear, Plasma and Radiological Engineering University of Illinois 

Urbana, IL  USA  
 2Idaho National Laboratori, Idaho Falls, ID USA  
 3Argonne National Laboratori, Argonne, IL USA 

 
This work involves developing insight into the mechanisms that control radiation damage 
and mechanical behaviour of model Fe and Fe-Cr alloys.  It provides a basis for 
evaluation and modelling of more complex alloys systems based on ferritic-martensitic 
structure.  The current efforts are aimed at building a systematic understanding of how 
radiation damage evolves in Fe, Fe-14Cr and Fe-19Cr single crystal material without the 
influences of minor alloying elements or grain boundaries.  This is accomplished through 
ex situ and in situ ion bombardment of these materials over a range of relevant 
temperatures from 300 to 550°C to doses up to several dpa. In complementary studies, 
Fe-9Cr and Fe-12Cr alloys with no carbon or controlled additions of carbon have been 
developed to study the influence of carbide structure on mechanical properties 
performance.  In these cases, the carbide structure is intentionally varied by changing the 
carbon content and the heat treatment conditions so that a range of carbide sizes and types 
are produced.  The nature of the tensile deformation process is then studied using in situ 
x-ray techniques to examine the evolution of the deformation structure and, in a unique 
set of measurements, the matrix-particle debonding process that leads to plastic 
instability. Ongoing work will examine these properties following irradiation. The results 
of both sets of experiments have also been used as the basis for developing models for 
materials performance. In the first case, kinetic Monte Carlo techniques have been used 
to compare the evolution of void and bubble structure during the initials stages of 
radiation damage. In the second case, a materials tensile deformation model has been 
developed which relates the macroscopic tensile response to the evolution of 
microstructure during load.  The model includes information about particle size and 
distribution as well as specifics of interfacial energies and matrix-particle debonding. 
These results and the current status of this work will be presented. 
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The European materials activities for ITER Test Blanket Modules (TBM) and the future 
demonstration fusion reactor (DEMO) is focused on the Eurofer, a fully martensitic steel.  
This steel has a similar composition to the conventional Modified 9Cr-1Mo steel used in 
conventional and fission power plants, but has the high activation alloying elements such 
as Mo and Nb, replaced by their equivalent low activation elements (W, V and Ta) and 
high activation impurities reduced to as low as possible.  Several large industrial heats of 
the Eurofer steel have been produced and characterised in unirradiated and irradiated 
conditions at doses up to about 80 dpa.  These activities have been accompanied with the 
development of high quality joints and production of TBM mockups with acceptable 
distortion levels.  It is proposed to make the Eurofer steel “code qualified” with its 
addition in the next RCC-MR edition. The ongoing Eurofer R&D activities, address 
remaining complex design issues such as creep-fatigue interaction. The bulk of EU work 
on the oxide dispersion strengthened (ODS) steels has been centered on alloy 
compositions similar to the Eurofer steel with varying levels of Y2O3 oxide 
concentrations.  Several small and medium size heats have been produced through 
mechanical alloying and converted into different forms and shapes and characterised.  
Results obtained so far confirm superior resistance of these grades in tension and creep, 
stability under fatigue cycling, and their lower toughness. Influences of fabrication 
parameters, with emphasis on nano-technology, are explored to address the short falls. 
More recently, the work on ODS steels has been extended to ferritic grades with 
compositions in the range of 12-14% Cr and in some cases to as high as 18%Cr.  These 
alloys are particularly interesting for higher temperature applications where phase 
transformation hinders the use of martensitic steels. The higher chromium grades are 
favored essentially in fission for fuel cladding, where, a higher resistance to acid attack 
during fuel reprocessing is needed. The methodology used for development of martensitic 
ODS steels, is followed more rigorously for ferritic ODS steel, with extensive recourse to 
basic science and modeling for fine tuning the alloy composition and improving 
irradiation resistance. 
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Modelling of radiation damage effects in Fe-9Cr alloy  
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High-Cr ferritic-martensitic steels are the most promising candidate structural materials 
for future advanced fission reactors, as well as for fusion systems, due to their better 
thermomechanical properties and higher radiation resistance as compared to austenitic 
steels. The performance of these steels, especially under irradiation, appears to be largely 
determined by the Cr content. For instance, the current choice of steel compositions 
around ~9 wt% Cr is mainly based on the observation of a local minimum in the ductile-
brittle transition temperature shift at this composition. On the other hand, reduced void 
swelling is observed between 3 and 12 wt% Cr. The origin of these and other Cr-
dependent effects remained unexplained for a long time, thereby calling for a physical 
modelling effort addressing these questions. In this presentation, an overview is given on 
the effort made in recent years to construct a whole modelling framework, from ab initio 
to dislocations, to provide explanations to the above-mentioned issues. Ab initio 
calculations combined to the development of the interatomic potentials capable of 
grasping key features of Cr atoms embedded in perfect and defected Fe matrix, were 
required. Primary damage, defect migration, Cr mass transport, phase separation, Cr-
defect segregation and dislocation-defect interactions could then be studied using fully 
atomistic approaches. Our research shows that many of the effects of Cr content on the 
behaviour of these alloys under irradiation can be attributed to the only recently 
highlighted high solubility of Cr in Fe (~10 wt%), below which, in addition, Cr atoms 
tend to order. The presentation will clarify how this aspect, combined with the high 
affinity between Cr atoms and self-interstitials defects, influences and partly explain both 
microstructure evolution and mechanical behaviour of high-Cr steels under irradiation.  
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 Tungsten technologies and qualification route towards DEMO 
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Tungsten alloys are considered prime candidates for the in-vessel components directly 
facing the plasma. For example, in the HEMJ helium cooled divertor design tiles may be 
operated at temperatures up to 1700 ºC, supported by a structure partially consisting of 
tungsten at temperatures from 600 to 1000 ºC, and connected to a HT steel structure. The 
tungsten armoured primary wall is operated at 500 – 900 ºC. Irradiation doses will be few 
tens dpa at minimum, but FPR requirements for plants availability will stretch these 
targets. Recently injection moulding technology was developed for pure tungsten and 
representative parts were manufactured for ITER monobloc divertors and DEMO HEMJ 
thimbles. The major advantages for this technology are the efficient use of material 
feedstock/resources and the intrinsic possibility to produce near-finished product, 
avoiding machining processes that are costly and may introduce surface defects 
deteriorating the component in service performance. It is well suited for mass-
manufacturing of components as well known in e.g. lighting industries. To further qualify 
this material technology various specimen types were produced with processing 
parameters identical to the components, and tested successfully, showing the high 
potential for implementation in (fusion) devices. Furthermore, the engineering approach 
can clearly be tailored away from conventional design and manufacturing technologies 
based on bulk materials. The technology is suitable for shaping of new W-alloys and W-
ODS variants as well. Basically this technology allows a particular qualification 
trajectory. There is no need to produce large batches of material during the material 
development and optimization stage. For the verification of irradiation behaviour in the 
specific neutron spectra, there is a further attractive feature to use e.g. isotope tailored 
powders to adjust to available irradiation facilities like MTR’s. In addition the ingrowth 
of transmutation products like Re and Os can be simulated using chemically tailored 
powders, and the evolution of microstructure and properties can be compared with the 
spectral tailoring. Such approach will allow speed up the tungsten development and 
qualification prior to the availability of IFMIF and knowledge gained from ITER 
operation. MTR’s are also suited for component testing of primary wall modules, by 
providing representative loading pattern to joints under simultaneous heat flux and 
neutron loads.  
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Materials research on radiation damage effects induced by high energy 
protons and spallation neutrons 

 
Werner Wagner, Yong Dai 
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At the Paul Scherrer Institut, several experiments have been conducted for studying 
radiation damage effects induced by high energy protons and spallation neutrons. The 
materials for these investigations were irradiated in the targets of the Swiss spallation 
neutron source (SINQ): this SINQ target irradiation program (STIP) has been run since 
1998 within a broad international collaboration with Ecole Polytechnique Federal de 
Lausanne (EPFL), Forschungszentrum Jülich (FZJ), Oak Ridge National Laboratory 
(ORNL), Commissariat a L’energie Atomique Centre D’etudes de Saclay (CEA), Japan 
Atomic Energy Agency (JAEA), Los Alamos National Laboratory (LANL), and 
University California Santa Barbara (UCSB). In several consecutive campaigns, more 
than 40 kinds of materials, mainly austenitic or ferritic/martensitic (FM) steels, were 
irradiated to doses up to 20 dpa and 1800 appm He in a temperature range of 80 to 
600oC). As well, experiments have been performed to investigate liquid lead-bismuth 
eutectic (LBE) corrosion and embrittlement effects on T91 steel under irradiation with 72 
MeV protons. In this presentation, an overview will be given showing a selection of 
results from these experiments, which include the mechanical properties and 
microstructure of FM steels like T91, F82H, Optifer, and austenitic steels like EC316LN, 
SS 316L.  
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Program of Topical M

eeting 
 

 

TIME MONDAY, 5 October TUESDAY, 6 October WEDNESDAY, 7 October THURSDAY, 8 October FRIDAY, 9 October 
09:00 – 10:30  

  

45' Diegele: Ferritic steels for the first 
generation of breeder blankets 

45' Jenkins: Dynamic observations of 
irradiation damage in iron and FeCr 

45' Dudarev: Mobile radiation defects in 
bcc Fe: simulations and in-situ TEM 

45' Fazio: Nuclear Safety Research on 
structural and cladding materials for 
innovative reactors systems 
 

  45' Hoffelner: Design aspects of 
advanced nuclear power plants 
 

20' Oksiuta: Hot rolling and high speed 
hot extrusion of ODS ferritic steel 

20' Stratil: High temperature service 
embrittlement of Eurofer97 steel 

20' Gilbert: Screw dislocations in Fe: 
implications for interatomic potentials 
    20' Fluss: High resolution TEM of dual 

ion beam irradiated ODS steels 
20' Bergner: SANS study of n-irradiated 
FeCr alloys 

20' Terentyev: Modelling of radiation 
damage effects in Fe-9Cr alloy 

10:30 – 11:00  COFFEE BREAK COFFEE BREAK COFFEE BREAK COFFEE BREAK 
11:00 – 12:30 20' Gonzalez: Fusion materials: 

insulators and plasma facing materials 
20' Aubert: Low activation steels 
welding for tritium blanket module 

20' Kosmidou: Construction materials 
for VHTR thermochemical H2 production 

 

45' Ghoniem: Multiscale experimental 
and computational techniques for 
radiation-resistent steel design 20' Narciso: SiC/C for nuclear 

application from low-cost precursors 
20' Chaouadi: Integrated R&D of 
radiation damage in high Cr FM steels 

20' Dietz:  Alloy 617 – an assessment for 
the application in HTRs 

 45' Slugen:  FeCr alloys behaviour after 
He implantation  

20' Novotny:  SCC susceptibility of 
austenitic stainless steels in SCW 

20' Hurst: Qualification of P91 welds 
through small punch creep testing 

20’ Shikama / Haehner / Zeman: 
Discussion 

  20' van der Laan: Tungsten 
technologies and qualification for DEMO 

20' Rodriguez: Fabrication and 
characterisation of Spanish RAFM steel 

12:30 – 14:30 

REGISTRATION 

LUNCH BREAK 10' Summary: Hoffelner LUNCH BREAK 
DEPARTURE 

20’ Haehner / Zeman: Opening remarks 14:30 – 16:00 
20' Diegele: Presentation of F4E 

45' Shikama: Development of heavy-
radiation-resistant structural materials in 
Japan 

 45' Ryazanov: Qualification of SiC 
composite materials for advanced fission 
and fusion 

 

 45' Boutard: Structural materials for 
fusion reactors 

20' Tavassoli: Status of reduced 
activation FM and ODS steels in EU 

 20' Kytka: Irradiation embrittlement 
characterisation of Eurofer97   

  20' Aleev: Atom probe characterisation 
of yttria particles in ODS Eurofer steel 

 20' Luzginova: LCF and FCG in 
irradiated and unirradiated Eurofer97  

16:00 – 16:30 COFFEE BREAK COFFEE BREAK  COFFEE BREAK  
16:30 – 18:00 20' Serrano: Materials challenges for 

innovative nuclear systems 
20' Hsiung: TEM characterisation of 
oxide particles in ODS steels 

 20' Rieth: Fe-Cr-V based ferritic steels 
for high and low temperatures 

 

 20' Wagner: Radiation damage by 
protons and spallation neutrons 

20' Lindau: TEM and AP study of oxide 
particles in unirradiated ODS-Eurofer  

 20' Saroja: Development and 
characterisation of 9Cr FM steels  

 20' Over: Materials database for nuclear 
energy materials data 

20' Brocq: Nano-oxide nucleation in 
14Cr-ODS: APT & SANS 

 20' Stubbins: Irradiation and mechanical 
performance of Fe and FeCr alloys  

 20' Rashkova: Implementing nuclear 
knowledge management 

20' Rogozhkin: AP characterisation of 
irradiated ODS Eurofer steel 

 20' Coppola: SANS characterisation of 
irradiated steels for nuclear technologies  

 10' Summary: Diegele 10' Summary: Ryazanov / Ghoniem  10' Summary: Fazio / Boutard  
20:00    DINNER  
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